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Available online 26 January 2016Nuclear cap binding complex proteins, CBP20 and CBP80, participate inmRNA transcript processing and also play
an important role in abiotic stress tolerance. Brassica juncea is amajor oilseed crop, and in this study, we reported
the cloning and characterization of CBP20 and CBP80 genes from this species. A full-length BjCBP20 cDNA of
1075 bp was cloned containing an open reading frame of 783 bp encoding a polypeptide of 260 amino acids.
Two genomic sequences of 1792 bp and 1712 bp were also cloned for BjCBP20, both of these having eight
exons and seven introns. Likewise, 2538 bp BjCBP80 sequence was cloned which encoded a protein sequence
of 845 amino acids. Two genomic sequences of 5672 bp and 5190 bp consisting of eighteen exons and seventeen
introns were cloned. Bioinformatics analysis of deduced proteins revealed the presence of the signature RRM do-
main in BjCBP20 and MIF4G domain in BjCBP80. Nuclear localization signal was present in BjCBP20. The phylo-
genetic analysis revealed less conservation in BjCBP80 than BjCBP20 when compared to proteins from other
organisms. Expression analysis by qRT-PCR depicted steady levels of both the proteins in developmental stages.
BjCBP80 showed highest expression in young leaveswhile lowest level of expression of BjCBP20was seen inma-
ture leaves. Under salt and osmotic stress, BjCBP80 level decreased initially and then regained back to normal
levels. In osmotic stress, the BjCBP20 levels decreasedwhile no signiﬁcant changewas observed under salt stress.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
Brassica juncea
CBP20
CBP80
RNA processing
Gene expression
Abiotic stress1. Introduction
Brassica juncea (Czern) L. (AABB, 2n= 36) is a natural amphidiploid
species which originated from the hybridization of B. rapa (AA, 2n =
20) with B. nigra (BB, 2n = 16). Commonly known as Indian mustard
or Brown mustard. This crop has high socio-economic importance for
its usage as food, fodder, condiment, and as a source of edible oil. It is
the second most vital oilseed in India contributing to nearly 30% of the
total oilseed production (Shekhawat et al., 2012). The soil moistureNA ends; 7MG, 7 N-methyl-8-
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mail.com (K. Singh).
. This is an open access article underconditions after the monsoon season determines the acreage and pro-
duction for the year of this rabi crop. It has been reported that the
yield of both irrigated and rainfed mustard would be affected by the
changing climate (Boomiraj et al., 2009). Hence, it is imperative to
study geneswhich canhelp theplant sustain detrimental effects of inev-
itable abiotic stress conditions like drought, salinity to reduce yield
losses.
The nuclear cap binding complex (CBC) is a heterodimer composed
of two cap binding proteins, CBP20 and CBP80, which bind to the 5′ cap
structure of nascent mRNAs transcribed by eukaryotic RNA polymerase
II. They participate in pre-mRNA splicing (Izaurralde et al., 1994),
polyadenylation (Flaherty et al., 1997), nuclear RNA export (Izaurralde
et al., 2002) and protects the transcripts from nuclease degradation.
They play an important role in regulation of gene expression and recent-
ly their role has been explored in response to abiotic stresses. CBC may
participate in drought stress signaling at the post-transcriptional level
by modifying the expression of regulatory and effector genes by its ac-
tion on pri-miRNA processing and pre-mRNA splicing (Deák et al.,
2010).
In plants, the detailed study on the role of nuclear cap binding
proteins is limited to Arabidopsis thaliana and Solanum tuberosum.
Kmieciak et al. (2002) characterized in detail the two components of
the A. thaliana nuclear CBC. The loss of CBP20 function in Arabidopsis re-
sulted in ABA hypersensitivity during germination and enhancedthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
Table 1
Primer sequences used for various PCR reactions.
Primer name Sequence
cDNA PCR AMPLIFICATION
CBP20F1 5′ CGCTCATCTAGATTCACTCTC 3′
CBP20R1 5′ TGTACGGTACTCATCTCGAAC 3′
CBP80F1 5′ CACTCATATGGTCACAGTCCT 3′
CBP80R1 5′ TCCCCTGTCTTCTCCACCGT 3′
CBP80NF3 5′TGGTGTTATCCGTAGAGAAATC 3′
CBP80ATGF3 5′ ATGAGCAATTGGAAGACTCTTC 3′
CBP80NR1 5′AGGACTGTGACCATATGAGTGA 3′
CBP80R3 5′ TACGCTTGTATCCCGACTAACACT 3′
RACE primers
CBP20F1 5′ CGCTCATCTAGATTCACTCTC 3′
CBP80F2 5′ TGACGGCCGTGGCAATGGAT 3′
3′RACE OUTER PRIMER 5′ GCGAGCACAGAATTAATACGACT 3′
3′RACE INNER PRIMER 5′ CGCGGATCCGAATTAATACGACTCACTATAGG 3′
Genomic PCR amplication
CBP20ATGF 5′ ATGGCTTCTTTGTTCAAGGAGCA 3′
CBP20F2 5′ TACGATCCTGCTAGAGGTGGTTAT 3′
CBP20ATGR 5′ TTACACTGATCCTTCGATAGCAT 3′
CBP20R2 5′ CATAGCGATCATCGTCCCTTTGA 3′
CBP80F1 5′ CACTCATATGGTCACAGTCCT 3′
CBP80ATGF3 5′ ATGAGCAATTGGAAGACTCTTC 3′
CBP80F4 5′ AGCCTGCCTCGTTGATTGTCGT 3′
CBP80F5 5′CTCAGATACTGCTGCTACCACA 3′
CBP80ATGR 5′TTATTGTAAAGGGATTTGGAGTGCAGA 3′
CBP80R3 5′ TACGCTTGTATCCCGACTAACACT 3′
CBP80R4 5′ TTCTCAAAGAGTGCACGAACAG 3′
CBP80R5 5′ ATCCATTGCCACGGCCGTCA 3′
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ic screen for A. thaliana mutants with hypersensitivity to ABA and
thus was designated ABA HYPERSENSITIVE1 (ABH1). Hugouvieux et al.
(2001) showed that ABH1 modulates early ABA signaling pathway by
transcript alteration and mutant plants illustrates ABA-hypersensitive
stomatal closing and reduced wilting during drought. Similar results
were observed when Pieczynski et al. (2012) silenced the CBP80 gene
in the potato cultivar Desiree using artiﬁcial microRNAs. Transgenic
plants showed similar modiﬁcations as observed in Arabidopsis such
as ABA-hypersensitive stomatal closing which improved the water def-
icit tolerance in potato plant.
Realizing the signiﬁcance of B. juncea as economically important
crop, we wish to study the role of cap binding proteins, CBP20 and
CBP80, in B. juncea. In this study, an in-depth description of BjCBP20
and BjCBP80 genes was done. We have cloned and characterized the
two cap binding proteins from B. juncea and probed their expression
patterns which indicated their possible role in abiotic stress tolerance.
2. Materials and methods
2.1. Plant material
B. juncea seeds were sown in 1:1.5 proportions of soil: soilrite mix
(Keltech energies limited, Karnataka, India) during November 2013.
Plants were grown at 24 °C with 16 h light period. Young leaves were
harvested from 6 to 8 week old plants, snap frozen and stored at
−80 °C for future use.
2.2. RNA isolation and cDNA preparation
Total RNA was extracted from young leaves by iRIS® method de-
scribed by Ghawana et al. (2011). Genomic DNA contamination was re-
moved with DNaseI (Ampliﬁcation Grade; Invitrogen, USA) treatment.
One microgram of DNA free RNA was then used for ﬁrst-strand cDNA
synthesis using Superscript III First-Strand Synthesis Kit (Invitrogen,
USA) along with oligo dT(12–18) primer (Invitrogen, USA) in total reac-
tion volume of 20 μl.
2.3. Cloning of CBP20 and CBP80 from B. juncea
For partial cloning of nuclear cap binding complex proteins BjCBP20
and BjCBP80, primers (Table 1) were designed using the EST sequences
obtained from Brassica Genome Gateway (http://brassica.nbi.ac.uk/).
Using leaf cDNA as template, PCR ampliﬁcation was carried out as fol-
lows: Initial denaturation at 94 °C for 3 min followed by 35 cycles of
30 s at 94 °C, 30 s at X°C and 1 min at 72 °C and ﬁnal extension of
10 min at 72 °C. Annealing temperature (X) for BjCBP20 and BjCBP80
was 53 °C and 56 °C, respectively. The PCR products were analysed on
1.2% agarose gel and desired DNA fragments were puriﬁed using
GenElute™ Gel Extraction kit (Sigma, USA). Eluted fragments were li-
gated into pGEM®-T Easy vector (Promega, USA) and the ligated prod-
uct was transformed in E. coli DH5α cells. Recombinant plasmids were
isolated using HiYield™ Plasmid Mini Kit (RBC technologies, Taiwan)
and sequenced. Sequences were analysed by BLAST.
The sequenced fragments showed similarity to known CBP20 and
CBP80 genes from other organisms. Further, to amplify 3′ regions of
these genes, 3′ RACE cDNA was prepared from DNA free RNA using
the FirstChoice® RLM RACE kit (Ambion, USA) following the
manufacturer's instructions. Primary and secondary (nested) PCR
were performed using gene-speciﬁc forward primers and 3′ RACE
outer/inner primers supplied in the kit. Both the primary and the nested
PCR reactionswere carried out under the following conditions: 3min at
94 °C, followed by 35 cycles (30 s at 94 °C, 30 s at 60 °C, and 3 min at
72 °C) and 10 min at 72 °C. The desired ampliﬁed PCR products were
cloned in pGEM®-T Easy vector (Promega, USA) and sequenced asmentioned above. After the bioinformatics analysis of sequenced prod-
ucts, full-length BjCBP20 sequence was obtained.
Using the EST sequence of CBP80 (Bra013145) available at the Bras-
sica Database (BRAD), gene-speciﬁc primerswere prepared for overlap-
ping PCR to obtain full-length BjCBP80 sequence. The full-length
sequence was obtained in two PCR reactions. The ﬁrst reaction was
performed with primer pair CBP80NF3/CBP80NR1 using High Fidelity
PCR Enzyme Mix (Thermo Scientiﬁc, USA) under the following PCR
conditions: 3 min at 94 °C, followed by 35 cycles (30 s at 94 °C, 40 s
at 53 °C, and 2 min at 72 °C) and 10 min at 72 °C. The second PCR reac-
tion comprised primary and secondary reactions using CBP80ATGF3
and CBP80R3 primers to increase the amount of our desired band. PCR
reaction was carried out for 3 min at 94 °C, followed by 35 cycles (30 s
at 94 °C, 40 s at 53 °C, and 1 min at 72 °C) and ﬁnal extension for
10 min at 72 °C. By following the same cloning procedure mentioned
above, our desired PCR-ampliﬁed products were cloned in pGEM®–T
Easy vector (Promega, USA) and sequenced. Using bioinformatics tools
such as BLASTN and BLASTX algorithms (http://www.ncbi.nlm.nih.
gov/), the sequenced fragments were conﬁrmed and overlapping re-
gions were determined and aligned to obtain a complete BjCBP80
sequence.2.4. Genomic DNA extraction and cloning of BjCBP20 and BjCBP80
Total genomic DNA was isolated from the leaves of 6-week-old
B. juncea plant using the CTAB method described by Saghai-Marrof
et al. (1984). Gene-speciﬁc overlapping primers (Table 1) were pre-
pared using the cDNA sequences obtained for BjCBP20 and BjCBP80.
PCR-ampliﬁed products using different primer pairs for both genes
were all cloned in pGEM®–T Easy vector (Promega,USA). After sequenc-
ing, these overlapping regions were used to obtain the complete geno-
mic sequences for these genes. Bioinformatics analysis tools like
BLASTN, Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) for
multiple sequence alignment, Splign algorithm (http://www.ncbi.nlm.
nih.gov/)were used to infer exon–intron boundaries of the obtained ge-
nomic sequences.
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BLAST algorithm (http://www.ncbi.nlm.nih.gov/) was used for
conducting similarity searches. The nucleotide translated protein se-
quence was obtained using Translate tool (http://www.expasy.ch/
tools/dna.html). Simple Modular Architecture Research Tool (SMART)
(http://smart.embl-heidelberg.de/) (Schultz et al., 1998) and conserved
domain database (CDD) at NCBI were used for identifying protein fam-
ilies and conserved domains present in the protein sequences.
ProtParam (http://www.expasy.ch/tools/protparam.html) was used to
evaluate protein's isoelectric point and molecular weight. Multiple se-
quence alignments (MSA) between our protein of interest and other
known proteins were done using Clustal Omega (http://www.ebi.ac.
uk/Tools/msa/clustalo/). ESPript 3.0 program (Robert and Gouet,
2014) was used as representation tool for MSA (http://espript.ibcp.fr).
Secondary structure prediction of deduced amino acid sequences were
done using SOPMA program (http://npsa-pbil.ibcp.fr/) by Combet
et al. (2000). cNLS mapper (Kosugi et al., 2009) was used to determine
the presence of nuclear localization signals in the deduced protein se-
quences (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.
cgi). Multiple sequence alignment of deduced CBP20 and CBP80
amino acid sequences and other known CBP20 and CBP80 protein se-
quences retrieved from GenBank were carried out using ClustalW tool
provided in MEGA6. MEGA 6.06 software (Tamura et al., 2013) was
used to create neighbor-joiningmethod using Poisson correctionmeth-
od to show the evolutionary relationship between known and our de-
duced protein sequences in a bootstrap test of 1000 replicates.
2.6. Three-dimensional structure prediction of BjCBP20 and BjCBP80
Three-dimensional structure of BjCBP20 and BjCBP80 were predict-
ed using I-TASSER (http://zhang.bioinformatics.ku.edu/I-TASSER) (Roy
et al., 2010) software. The Ligand binding sites were predicted by
COACH based on the I-TASSER structure prediction. PyMOL software
was used for visualizing and analyzing the tertiary protein structure
(https://www.pymol.org/).
2.7. Expression analysis of BjCBP20 and BjCBP80
For the quantiﬁcation of transcript levels of BjCBP20 and BjCBP80
being expressed in different tissues and under abiotic stress conditions,
real-time quantitative reverse transcription PCR (RT-qPCR) ampliﬁca-
tions were performed. Total RNA was isolated from different tissues
such as young leaf, mature leaf, inﬂorescence (cluster of ﬂowers on
themain stem), and stem of a plant. For osmotic stress, 15 day old seed-
lings were removed from soil and were put in 10% PEG solution. Seed-
lings were harvested at 2, 4, 6, 8, and 10 h time intervals. In case of
salt stress, 200 mM NaCl solution was directly given to the seedlings
growing in soil and seedlings were harvested at 3, 6, 12, and 24 h time
intervals. The harvested seedlings were snap frozen in liquid nitrogen
and stored in−80 °C. Total RNA was isolated and cDNA was synthe-
sized following the above mentioned procedure. Primers for both the
genes were designed (Table 1). Tonoplastic intrinsic proteins-41
(TIPS-41) was used as internal control primer (Chandna et al., 2012).
The PCR reactions of 10 μl with Maxima SYBR Green qPCR Master Mix
2X (Thermo Scientiﬁc)were carried out under the following parameters
in Eppendorf Realplex2 thermalcycler: 7 min at 95 °C for denaturation,
followed by 35 cycles of 20 s at 94 °C, 20 s at 57 °C, and 20 s at 72 °C. Sub-
sequently, a melting curve analysis was performed where the tempera-
turewas gradually increased from 60 °C up to 95 °C in steps of 0.2 °C per
second to determine speciﬁcity for each primer pair. The samples were
run on 1.2% agarose gel to further conﬁrm the RT-qPCR results. Relative
Expression Software Tool (REST) (http://rest.gene-quantiﬁcation.info)
was used to correlate and analyze RT-PCR data for relative gene expres-
sion (Pfafﬂ et al., 2002). The experiment was performed in triplicates.3. Results and discussion
3.1.1. Cloning of B. juncea CBP20 (BjCBP20) cDNA
For cloning BjCBP20 cDNA, EST sequences were used for primer de-
signing. Using these primers, a partial transcript derived BjCBP20 frag-
ment of 416 bp was ampliﬁed which shared 97% similarity with
predicted B. rapa nuclear cap binding subunit 2 at the nucleotide level.
Also, it showed 86% and 77% similarity at the nucleotide level with
CBP20 mRNA sequences of A. thaliana and S. tuberosum, respectively.
Forward primer was used along with the 3′RACE outer/inner primer
to further generate 1043 bp sequence which included the 3′ end region
of BjCBP20. Bioinformatics analysis revealed the coding sequence (cds)
of 783 bp from start codon (ATG) to stop codon (TAA). This sequence re-
sembled 86% and 73% at nucleotide level with A. thaliana and
S. tuberosum, respectively. A 49 bp 5′ UTR region and 211 bp long 3′
UTR regions ﬂanked the coding sequence of BjCBP20. The G+C content
of the coding sequence was calculated to be 49.55%. Cloned cDNA se-
quence of BjCBP20 was submitted to NCBI GenBank database under
the accession number KT159947.
The deduced protein sequence consisting of 260 amino acids
shared similarity with other known plant CBP20 proteins with 98% sim-
ilarity to predicted B. rapa sequence (XP_009101729.1), 89% with
A. thaliana (NP_199233.1), 75% with S. tuberosum (ACL54982.1), 74%
with Medicago truncatula (KEH39183.1), 68% Hordeum vulgare
(ACL83596.1). The deduced BjCBP20 protein has predicted molecular
weight of 29.7 kDa and pI of 6.38, inferred using ProtParam tool.
The cap binding protein subunit 2 (CBP20) of the nuclear cap bind-
ing complex (CBC) binds to the m7GpppN ‘cap structure’ of the nascent
mRNA. By binding co-transcriptionally to the mRNA 5′ cap CBC medi-
ates its functions (Kierzkowski et al., 2009). The CBP20 along with
CBP80 forms the CBC which recognizes and binds to the capped
mRNAs; alone these proteins show no afﬁnity for the cap structure.
The CBC subunit 2, i.e. CBP20 binds, to the mono-methylated cap struc-
ture. The presence of RNA recognition motif (RRM) in BjCBP20 protein
conﬁrmed by conserved domain search supports the function related
to this protein (Supplementary Fig. 1a). Two ribonucleoprotein do-
mains, RNP1 and RNP2, were present in BjCBP20 with highly conserved
consensus sequences which are also present in other CBP20 as well as
RNA binding proteins involved in post-transcriptional events like U1A,
nucleolin, mRNA polyadenylate binding protein (PABP), etc. The RNP2,
a 6-residue sequence, is present at the N terminus of the RRM domain
having the consensus sequence Ile/Val/Leu–Phe/Tyr–Ile/Val/Leu–X–
Asn–Leu while an 8-residue RNP1 domain is deﬁned as Lys/Arg–Gly–
Phe/Tyr–Gly/Ala–Phe/Tyr–Val/Ile/Leu–X–Phe/Tyr, where X can be any
amino acid (Maris et al., 2005). In CBP20, the RNP1 domain is speciﬁcal-
ly depicted by consensus sequence Cys–Gly–Phe/Tyr–Cys–Phe/Tyr–Val/
Ile/Leu–X–Phe/Tyr. Thus, instead of Lys/Arg at ﬁrst position and Gly/Ala
at fourth position, cysteine is a conserved residue observed in case of
CBP20 protein across plants, humans, yeast, and fruit ﬂy. Likewise,
RNP2 with more speciﬁcity Ile/Val/Leu–Phe/Tyr–Ile/Val/Leu–Gly–Asn–
Leu/Met/Val/Ile (X)–Ser–Phe–Tyr–Thr–X–Glu is more conserved
(Fig. 1). In RNP2, except for Encephalitozoan cuniculi (serine) at the
fourth position, glycine residue is preserved. Also, Met/Val is observed
to be conserved at the sixth position in plants while Leu/Ile is observed
in case of humans, fruitﬂy, E. cuniculi, and yeast, etc. Also, a 6-residue se-
quence subsequent to RNP2, Ser–Phe–Tyr–Thr–X–Glu is conserved in
most cases with the exception of E. cuniculi (NP_597585) where it is
Ser–Thr–Ser–Val–Arg–Glu (Mazza et al., 2002).
BjCBP20 shows maximum conservation at the N terminal region
where the RRM is present. Among various CBP20s present in other or-
ganisms, conservation ismost observed in plants and less in comparison
to human, yeast, and fruit ﬂy. CBP20 from Homo sapiens and Drosophila
melanogaster have shorter C terminal regionswhen comparedwith Sac-
charomyces cerevisiae Cbc2p and plant CBP20s as reported in Kmieciak
et al. (2002). The plant CBP20s C terminal regions are much longer
Fig. 1. Amino acid alignment of CBP20 from B. juncea and other species including yeast, fruit ﬂy, and human. Residues that are in red are conserved. The secondary structure of human
CBP20 is given above the alignment in black. α and π helices are depicted as squiggles labeled as α and Ƞ, β strands (arrows), strict α-turns (TTT) and β-turns (TT) from the 3D
structure. The ﬁgure was generated with Clustal Omega (Sievers et al., 2011) and ESPript (Robert and Gouet, 2014). The RNP1 and RNP2 domains are highlighted in black lines.
Nuclear localization signals found in BjCBP20 is highlighted in green and underlined in purple.
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plants, CBP20 has nuclear localization signal (NLS) which might be re-
sponsible for CBC transport to nucleus. The C terminal tail region is
rich in arginine, glycine, glutamate, aspartate, and histidine residues.
As predicted in AtCBP20, BjCBP20 has two positive residue rich regions
‘HRKRQR’ and ‘RKRS’ that could correspond for NLS (Fig. 1). Secondary
structure for BjCBP20 as predicted by SOPMA consists of 53.46% of ran-
dom coil, 26.15% alpha helix, 12.31% extended strand, and 8.08% of beta
turn (Supplementary Fig. 2a). These results are also in rangewith CBP20
from other plant species. For instance, S. tuberosum (NP_001275117.1)
has 49.02% random coils, 29.80% alpha helix, 12.94% extended strand,and 8.24% beta turn. In case of A. thaliana (NP_199233.1), 52.92% ran-
dom coil, 28.02% alpha helix, 10.51% extended strand, and 8.56% beta
turns were predicted by SOPMA.
3.1.2. Genomic isolation of BjCBP20
For further characterization of BjCBP20 at the molecular level, we
cloned the genomic DNA sequence. From the known BjCBP20 cDNA se-
quence, primers were designed in pairs to clone the genomic sequence
owing to its bigger size. Using overlapping PCR technique, we obtained
two BjCBP20 genomic sequences. Using primer pair CBP20ATGF and
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CBP20F2 and CBP20ATGR primer pair two bands were ampliﬁed at ap-
proximately 850 bp and 900 bp. All three of the obtained PCR products
were ligated and cloned pGEM®–T Easy vector. Post sequencing,
BLASTN displayed homology of all these three sequences with other
CBP20. Hence, combining the overlapping regions, i.e. 1.5 kb sequence
corresponding to N terminal region with other two sequences of
850 bp and 900 bp, we obtained BjCBP20 DNA 1 sequence of 1792 bp
and BjCBP20 DNA 2 sequence of 1712 bp (Fig. 2a). On alignment with
cDNA, both the genomic sequences contained eight exons and seven in-
trons, same as observed in AtCBP20 and BrCBP20 genomic sequences.
The fourth intron in BjCBP20 genomic sequence correlates to AT-AC or
U12 type intron which is also observed in AtCBP20 gene while the
other introns belong to classical U2 type (Kmieciak et al., 2002). In com-
parison to BjCBP20 DNA 1, BjCBP20 DNA 2 sequence wasmore compara-
ble to the BrCBP20 genomic sequence (data not shown). Due to lack of
information available on B. nigra, we cannot conﬁrmwhether the slight
difference in genomic sequencesmight be corresponding to the genome
counterpart of B. nigra. The exon length for both the genomic sequences
varies from 18 to 224 nucleotides. It is only at the intron level where
these two sequences vary in length. For BjCBP20 DNA 1 sequence, the in-
tron length varies from 84 to 334 nucleotides while BjCBP20 DNA 2 has
introns varying from 81 to 257 nucleotides. The exon and intron lengths
are as anticipated when compared with Arabidopsis (Kmieciak et al.,
2002).3.1.3. Phylogenetic analysis of BjCBP20
Evolutionary relationship of our deduced BjCBP20 was analyzed
with B. rapa, A. thaliana, and other known CBP20 proteins (Fig. 3a).
The phylogenetic analysis reveals that CBP20 is highly conserved in na-
ture suggesting low rate of evolution. Besides, being extremely close to
its diploid genome counterpart, i.e. B. rapa (96% identity), it is closely re-
lated to A. lyrata and A. thaliana (90%, 89% identity) as they belong to the
same family. Largely, its identity to other organisms is in the range of
68–75% in case of other plant species, 68% to H. sapiens, and least toFig. 2. Exon and Intron boundaries of BjCBP20 and BjCBP80 are depicted using Exon-Intron Gr
introns as bridging gaps/lines. Blue dotted rectangles highlight the regions where intron leng
tool (http://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi).yeast with 53% identity. High conservation explains that the role and
functioning of this protein is phylogenetically preserved and also, that
its protein structure is of utmost importance.3.1.4. Tertiary protein structure analysis of BjCBP20
3-D structure of BjCBP20 was determined using I-TASSER software
(Fig. 4). It shared 64.6% identity and 56.1% coverage with its structural
analog, cap binding complex (1N52B) in PDB database (Fig. 4a). The
BjCBP20 tertiary structure consists of α1 β1 αA β2 β3 αB β4 β5 α2 α3
α4α5 topology (Fig. 4b). It contains the classicalαβ sandwich topology
of RRM domain with two conserved motifs, i.e. RNP1 (β3, 75–
CGFCFVLF–82) and RNP2 (β1, 36–VYIGNV–82). The ﬁve β strands are
present in anti-parallel direction in the order β4–β5–β1–β3–β2 and
packed against twoα helices (αA andαB) in the RRM. This anti-parallel
β strand topology (β4–β1–β3–β2) is also observed in HsCBP20. In open
or unbound form, N and C terminal regions of CBP20 are disoriented.
When CBP20 is in complex with CBP80 and cap, due to the conforma-
tional changes, the N and C terminal extensions are structured (Maris
et al., 2005). CBP20 utilizes its N terminal domain along with the β
sheets in the conserved RNP motifs to bind with the m7GpppN cap
structure. The helical region interacts with the MIF4G domains of
CBP80 leaving the β sheets exposed to the solvent for RNA binding.
The extended C terminal region has the NLS and hence it should pro-
trude out once the CBP20–CBP80 heterodimer is formed for its nuclear
import.
I-TASSER predicted amino acid residues which may participate in
binding to the mRNA cap structure ligands GDP and 7MG (7 N–Meth-
yl–8–Hydroguanosine–5′–Monophosphate). Y14, D16, Y37, F77, R106,
D108, F109, D110, R117, W119, G120, R121, Q127, V128, R129, and
Y132 are the predicted amino acid residues (Fig. 4c, d). Among these
16 residues, 9 residues are crucial for forming the CBC and binding to
the cap structure. The residues involved in RNA binding are conserved
when compared to HsCBP20. In human CBP20, amino acid residue
equivalents for cap binding are Tyr20, Asp22, Tyr43, Phe83, Phe85,
Arg112, Asp114, Asp116, Arg123, Arg127, and Asp116 (Mazza et al.,aphic Maker (http://wormweb.org/exonintron). Exons are represented as rectangles and
ths vary. Green star indicates the U12 type intron of BjCBP20 gene analysed using splign
Fig. 3. Neighbor-joining phylogenetic tree constructed by MEGA 6.06 beta program using deduced amino sequence of a) BjCBP20 and protein sequences of CBP20 from other organisms
and b) BjCBP80 and protein sequences of CBP80 from other organisms. Numbers above indicate bootstrap values.
Fig. 4. Three-dimensional models for BjCBP20. a) Superimposition of 3-D cartoon model of BjCBP20 (green) with known human nuclear cap binding complex structure (only the CBP20
protein is visible in pink). b) Cartoon display of the 3-D structure of BjCBP20 as predicted by I-TASSER Web Server. The main regions of CBP20 are shown with the following topology:
α1β1αAβ2β3αBβ4β5α2α3α4α5 starting from N Terminal to C Terminal. c) Ligand binding site of BjCBP20 as predicted by I-TASSERWeb Server. Main residues (blue) which participate
in binding with 7-methyguanosine cap structure of RNA (light orange) are Tyr14, Asp16, Tyr37, Phe77, Arg106, Asp108, Phe109, Asp110, Arg117, Trp119, Gly120, Arg121, Arg129, and
Tyr132. d) The area is expanded to show the ball stick structure of the main amino acid residues which interact with the cap structure of the mRNA transcripts. The ﬁgures were
generated using PyMOL.
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CBP20s. The conservation of these amino acid counterparts in CBP20
suggests that the RNA binding mechanism and hence the signiﬁcant
role played by these residues are evolutionarily conserved in this
protein.
3.1.5. Cloning of B. juncea CBP80 (BjCBP80) cDNA
Initially, a partial sequence of BjCBP80was cloned using the primers
designed from EST sequence sharing similarity to other CBP80s. A
469 bp partial transcript derived BjCBP80 fragment cloned shared simi-
larity with other plant CBP80s at the nucleotide level. Similarity of 98%
was observed with predicted sequence of B. rapa nuclear cap binding
subunit 1 and likewise 91% and 72% similarity with AtCBP80 and
StCBP80mRNA sequences, respectively.
One kilobase long 3′ end of BjCBP80 transcript was ampliﬁed using
CBP80F2 and 3′ RACE outer/inner primers supplied in the FirstChoice®
RLM RACE kit (Ambion, USA). Hence, to further obtain the full-length
BjCBP80 containing the 5′ end, overlapping PCR primers were designed
from the available BrCBP80 (Bra013145) sequence. Two sets of PCR
reactions were performed. The ﬁrst PCR reaction yielded 1.5 kb frag-
ment and a 560 bp long fragment was obtained in the second PCR reac-
tion. Using BLASTN, the cloned fragments were conﬁrmed of being
similar to other known CBP80 sequences at the nucleotide level.
Exploiting all the BjCBP80 fragments, the overlapping regions were
identiﬁed and aligned to obtain complete BjCBP80 cDNA derived
transcript of 2538 bp (accession number KT159946) from start codon
(ATG) to stop codon (TAA). At the nucleotide level, full length BjCBP80
showed 97% similarity with B. rapa nuclear cap binding subunit
1 (XM_009137966.1, predicted) and 90% and 71% similarity with
AtCBP80 and StCBP80 complete coding sequences, respectively.
The G + C content of the coding sequence was 45.31% and the de-
duced BjCBP80 protein encodes for 845 amino acids. The deduced pro-
tein showed 95% similarity to predicted 845 aa long nuclear cap
binding protein subunit 1 of B. rapa (XP_009136214). Among others,
it shared 88%, 65%, 64%, 59% similarity with A. thaliana (NP_565356),
S. tuberosum (ACN43583), Glycine soja (KHN28574) andM. truncatula
(AES80701), Oryza sativa (AAG54079), respectively. The deduced
amino acid lengths are in range with other CBP80 proteins like
AtCBP80 (848 aa), StCBP80 (861 aa), GsCBP80 (863 aa), MtCBP80
(864 aa), and OsCBP80 (910 aa). The predicted molecular weight and
pI were 96 kDa and 5.42 as concluded using ProtParam tool. It has slight
negative electrostatic potential.
Conserved domain search shows the presence of three domains in
BjCBP80 structure (Supplementary Fig. 1b). The ﬁrst domain resembles
the middle domain of eIF4G (MIF4G domain) and the other two do-
mains are also similar in structure but sequence analysis reveals their
divergence fromMIF4G domain. This domain has a conserved superhe-
lical structure with ﬁve to six helical hairpins repeats. The MIF4G do-
main is found in both the cap binding proteins, i.e. CBP80 and eIF4G.
The latter is the cytoplasmic cap binding protein and is a part of the
translation initiation factor eIF4F complex. Amongothers, nonsenseme-
diated decay (NMD) factor Upf2 has three MIF4G domains which help
in recognition and degradation of mRNA transcripts with premature
stop codons (Clerici et al., 2014).CTIF (CBP80/20-dependent translation
initiation factor) have been identiﬁed which contains the MIF4G do-
main and interacts with CBP80 and also participates in NMD (Kim
et al., 2009). Polyadenylate binding protein–interacting protein 1
(Paip1) with Poly (A) binding protein (PABP) binding site at its C termi-
nal end and Death associated protein 5 (DAP5/p97) which is homolo-
gous to eIF4G and promotes IRES mediated cellular mRNA translation
(Virgili et al., 2013) are the proteins containing the MIF4G domain.
Globally, low conservation is observed in CBP80 proteins of plants,
humans, fruit ﬂy, Caenorhabditis elegans, and yeast but conservation
is higher when compared in plants alone (Fig. 5). The second domain
is most and third domain is least conserved in CBP80s. Thesetwo domains are involved in binding to the αA and αB domains
of CBP20 RRM to form the CBC. The binding leads to the conforma-
tional change in the unstructured CBP20 (free form) and stabilizes
the folding and binding of CBP20 to the cap structure (Mazza
et al., 2002). The second domain has the conservedmotif of 18 residues
in which red residues are absolutely conserved. The corresponding
sequence found in BjCBP80 is W – F – S – H – H – L – S – N – F – Q – F – I – W –
P – W – E – E – W where pink and underlined residues have been indicated
to participate in binding to CBP20 by I-TASSER software (Fig. 5). Also,
there are other conserved residues in domains 1–3whichmight be corre-
sponding to protein–protein interactions. The reason for their conserva-
tion is still unclear. The divergence in conservation of the larger subunit
of CBC, i.e. CBP80protein owes to its function of participatingwith various
proteins mediating CBC's functions.
As perceived in AtCBP80 and other plant CBP80s, BjCBP80 lacks the
bipartite nuclear localization signal at its N terminus, which is present
in human, fungi, and other animals (Fig. 5). This large molecule is antic-
ipated to be actively transported to the nucleus from the cytoplasm in
complex with BjCBP20 which contains the NLS in its C terminal region.
This mechanism may regulate the ﬁnal levels of both the proteins and
hence CBC in the nucleus (Kierzkowski et al., 2009). BjCBP80 secondary
structure (Supplementary Fig. 2b), as predicted by SOPMA, consists of
55.03% of alpha helix, 25.44% random coil, 12.66% extended strand,
and 6.86% of beta turn. S. tuberosum (AFN07652.1) having 57.26%
alpha helix, 25.67% random coil, 10.45% extended strand, and 6.62%
beta turn and A. thaliana (NP_565356.1) with 53.66% alpha helix,
25.12% random coil, 14.03% extended strand, and 7.19% beta turn illus-
trate similar ﬁndings in other plant CBP80 proteins.
W – F – S – H / F / Y – H – L – S – N – F – Q / K / N – F / Y – X – W / Y – X – W – X – E / D – W3.1.6. Genomic isolation of BjCBP80
Exon–intron boundaries were characterized by cloning the BjCBP80
sequence from DNA (Fig. 2b). Primer pairs designed from BjCBP80
cDNA sequence were used for PCR-based ampliﬁcations. Two genomic
sequences, BjCBP80 DNA 1 (5672 bp) and BjCBP80 DNA 2 (5190 bp),
were obtained bymeans of four PCR reactions. Primer pair CBP80ATGF3
and CBP80R3 yielded two bands at 2 kb and 1.5 kb, respectively. Other
three PCR reactions yielded 1.2 kb (CBP80F5 and CBP80R5), 2.1 kb
(CBP80F4 and CBP80R4), and 1.1 kb (CBP80F1 and CBP80ATGR) single
bands. These were cloned and sequencing results conﬁrmed their simi-
larity to known CBP80 genes. After aligning these fragments together,
the above two complete genomic sequences were obtained. So the dif-
ference was observed in the initial N terminal region of the two
BjCBP80 DNA sequences. Comparison of BjCBP80 cDNA with BjCBP80
DNA sequences revealed that both the genomic sequences contain eigh-
teen exons and seventeen introns. Introns found in BjCBP80 gene corre-
spond to classical U2 (GT-AG) type. Similar structures are observed in
case of AtCBP80 and BrCBP80 gene (Kmieciak et al., 2002).
When compared with genomic sequences of AtCBP80 and BrCBP80,
BjCBP80 DNA 1 and 2 share 78% and 98% identity, respectively. However,
BjCBP80 DNA 1 appears to be more similar to the above said proteins
than BjCBP80 DNA 2 as perceived by Clustal Omega results (data not
shown). Only one band of BjCBP80 transcript is beheld from recurrent
cDNA cloning. Therefore, the expression of BjCBP80 is also based on
same assumption as that of BjCBP20. Further studies on genomic and
expression analysis proﬁles of these proteins from B. nigra, B. rapa, and
B. juncea combined can unravel thewhys andwherefores for the results
obtained above. Akin to BjCBP20, BjCBP80 DNA sequences also vary at
the intron level. Exon length is witnessed to be ﬂuctuating between
57 and 501 nucleotides. BjCBP80 DNA 1 shows a discrepancy in intron
length from 71 to 599 nucleotides while BjCBP80 DNA 2 introns vary
from 71 to 370 nucleotides. The above mentioned results are in accord
with AtCBP80 exon (57–501 nt) and intron (83–485 nt) lengths
(Kmieciak et al., 2002).
Fig. 5.Multiple sequence alignment of CBP80 from various plants, human, fruit ﬂy, yeast, and C. elegans. Residues that are in red are conserved. Dotted orange line shows the N terminal
region containing NLS in CBP80s. Dotted black box highlights the conserved region in second domain of CBP80.The ﬁgure was generated with Clustal Omega (Sievers et al., 2011) and
ESPript (Robert and Gouet, 2014).
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Phylogenetic relationships reveal that CBP80 is less conserved than
CBP20 in nature and has higher rate of evolution (Fig. 3b). As expected,
it is closely related to B. rapa (95% identity) and then to the samemem-
ber of the family, i.e. A. thaliana (88%). Among other plant species, the
amino acid sequences share identity in the range of 79–59%. Striking di-
vergence is observed when compared to H. sapiens (27% identity) and
other organisms while the least identity of 23% was observed with
yeast. Thus, conservation is more in case of plants and less with other
organisms owing to its divergence with its binding to multiple different
protein partners. The essential amino acids are conserved or conserva-
tional substituted for the protein to fold and attain its functional protein
structure.
3.1.8. Tertiary protein structure analysis of BjCBP80
As CBP80 is less conserved, BjCBP80 shared 27% identity with 86%
coverage with 3FEYA, its structural analog in PDB as determined by I-
TASSER software (Fig. 6a). Its tertiary structure consists of three super-
helical domains linked by loops (Fig. 6b, c). These domains are structur-
ally very similar to one another. Each domain consists of arrangement of
anti-parallel helices formingﬁve to six helical hairpins. Asmentioned byFig. 6. Three-dimensional models for BjCBP80. a) Superimposition of 3-D cartoon model of BjC
protein is visible in purple). b and c) Cartoon display of the 3-D structure of BjCBP80 as predicte
and numbered starting from N Terminal to C Terminal. Linkers joining the consecutive doma
comprise α12 and α13. The ﬁrst domain includes helices α1–α11 (blue), second domain helic
is colored grey and C terminal helix (α40) is colored orange. The ﬁgures were generated withMazza et al. (2001) akin to HsCBP80, these successive helical hairpins
are organized in left-handed pattern (with the exception of last hairpin
of domain 1 formed by helices of α9, α10, α11). At N terminal end, the
ﬁrst domain resembles MIF4G domain and consists of residues 20–204.
With addition of ﬁrst α helix, it forms 4 left-handed helical hairpins
comprising of α1–α8 with last as exception being right handed
(α9–α11) (Supplementary Fig. 3a). The second MIF4G like domain 1
consists of residues from 313 to 466 (α14–α23) creating ﬁve helical
hairpins (along with α12, α13) (Supplementary Fig. 3b). It forms the
central core of the protein andmainly consists of hydrophobic residues.
MIF4G like domain 2 of 484–683 residues (α25–α34) forms the third
domain of BjCBP80 along with α24, α35–α40 (Supplementary
Fig. 3c). Like human CBP80, it also consists of six helical hairpins
(Mazza et al., 2001). Its ﬁfth hairpin is the longest comprising α32–37.
Both the second and third domains interact with CBP20. Its large surface
area and helical repeatmotif allows its interactionwithmultiple cellular
proteins.
I-TASSER predicted amino acid residues which may participate in
binding to the CBP20. Among them, P385, V388, H417, L418, F421,
and W425 were common predicted amino acid residues for BjCBP80,
BrCBP80, and AtCBP80. In humans, basic residues of CBP80 form salt
bridges and hydrogen bonds with acidic residues of CBP20 of domain
2 and 3 (Mazza et al., 2002).BP80 (green) with known human nuclear cap binding complex structure (only the CBP80
d by I-TASSERWeb Server. The threemain domains of CBP80 are shown in different colors
ins are highlighted (brown and cyan) and other connecting loops are in green. Linker 1
es α14–α23 (purple), and the third domain helices α25–α40. The N terminal helix (α1)
PyMOL.
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Expression of the genes was analyzed in four different developmen-
tal stages of B. juncea.AtCBP20 and AtCBP80have previously been shown
to be present ubiquitously in different organs of the plant and showed
similar steady state levels (Kmieciak et al., 2002). The expression analy-
sis was also performed for the genes under salt and osmotic stress in-
duced by 200 mM NaCl and 10% PEG in turn. BjCBP20 and BjCBP80
were ampliﬁed along with the reference gene. The ampliﬁcation of
TIPS-41 in parallel from different tissues and under stresses was done
for normalization of RNA amount. TIPS-41 was used as a reference
gene as suggested by Chandna et al. (2012) for it exhibits steady expres-
sion in various development stages and under stress conditions con-
trary to commonly used genes like β-actin and glyceraldehde–3–
phosphate dehydrogense (GAPDH).
Under different developmental stages, both the transcripts were
present in young leaves, mature leaves, inﬂorescence, and stem. Expres-
sion analysis was performed on REST software where inﬂorescence
stage was kept as reference (Fig. 7a). BjCBP20 transcripts were
expressed less in mature leaves when compared with other plant tis-
sues where the expression levels were similar. High expressions of
BjCBP80 transcripts were observed in young leaves while steady levels
in other plant tissues were determined.
Expression analysis under abiotic conditions, salt and osmotic stress
revealed unique variations in BjCBP20 and BjCBP80 transcript levels. In
salt stress (Fig. 7b), BjCBP20 levels remained steady in 24 h while
BjCBP80 levels decreased in 3 h and slowly the levels increased up to
24 h. Under osmotic stress (Fig. 7c), transcript levels of both genesFig. 7. Real-time measurements of BjCBP20 and BjCBP80mRNA levels using REST analysis softw
salt stress induced with 200 mM NaCl. c) Under osmotic stress induced with 10% PEG. TIPS-41decreased initially and then increased to the peak in 8 h and were
seen to come to normal levels by 12 h. This led to the hypothesis that
initial shock of the stress triggered BjCBP80 alone or both BjCBP80 and
BjCBP20 transcript levels to decrease which in turn affected the CBC
levels in the plant. As a result, the transcripts of certain micro-RNA
would have been affected such asmiR159whichmade the plant hyper-
sensitive to ABA (Pieczynski et al., 2012). ABA is released in plants under
stress conditions, therefore hypersensitivitymust have alerted the plant
to acclimatize to stress conditions and have faster stomata closure to
avoid drought conditions. This hypothesis further needs to be conﬁrmed
by similar qRT-PCR analysis for longer time durations and also in
BjCBP20/80 gene silenced plants to reason out the mechanism
underplay.
4. Conclusion
CBP20 and CBP80 geneswhich form the nuclear cap binding complex
have been cloned and characterized in B. juncea. Owing to the amphi-
diploid nature of the plant, we obtained two genomic sequences for
each of the genes. Since, one transcript has been observed on repeated
experimentation among the two genomic sequences, only one is active
at any given time. The protein structure of BjCBP20 is evolutionarily
conserved suggesting that the cap binding property of the protein is
similar as observed in animals, yeast, and other plant species. On the
contrary, BjCBP80 is similar to plant species but not with animals and
lower eukaryotes like yeast as it lacks the NLS. Thus, in plants, the trans-
port of CBP80 happens in conjugation with CBP20, which leads the CBC
to the nucleus. This piggy back mechanism seems to control the CBCare. a) In various plant tissues (with respect to inﬂorescence stage as reference). b) Under
gene was used as internal control.
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Quantitative expression analysis revealed that under salt and osmotic
stress, BjCBP80 and/or BjCBP20 deviate from normal range to help the
plant adjust to the jolt provided by theonset of trauma. These results co-
incidewith the previously observed role of CBP80 and CBP20 to alleviate
drought stress in Arabidopsis (Papp et al., 2004) and recently in potato
(Pieczynski et al., 2012). Their levels varying in the initial stage of stress
reveals that they play a crucial role in early phase of stress. Auxiliary to
this, in-depth analysis of these proteins participating in abiotic stress
conditions can shed more light on their role in our crop plant. The
knowledge gained in B. junceawill enrich us further to expect similar at-
tributes of these gene in other related and economically important oil-
seed crop plants like B. napus, B. oleracea, and B. rapa.
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